Objective-Podosomes, which are actin-rich structures, contribute to cell motility, matrix remodeling, and tissue remodeling. We have shown that G protein-coupled receptor kinase 2-interacting protein 1 (GIT1) colocalizes with podosomes and is important in podosome formation in endothelial cells. Src stimulates GIT1 tyrosine phosphorylation, which is critical for phospholipase C-␥ (PLC␥) activation. In this study, we identified specific GIT1 tyrosines required for PLC␥ activation and podosome formation in vascular smooth muscle cells (VSMC). Methods and Results-We used phorbol 12,13-dibutyrate (PDBU) to induce podosomes in A7r5 VSMC. GIT1 colocalized with podosomes and GIT1 knockdown using short interfering RNA significantly reduced podosome formation. PDBU stimulated GIT1 tyrosine phosphorylation. GIT1 tyrosine phosphorylation was dramatically decreased in SYFϪ/Ϫ cells, and it was also reduced by pretreatment with the protein kinase C (PKC) and Src inhibitors, suggesting that GIT1 phosphorylation was dependent on PKC and Src. By mutation analysis of multiple tyrosines, we found that PDBU specifically increased GIT1-Y392 phosphorylation. Overexpression of GIT1 (Y392F) but not of GIT1 (Y321F) decreased PDBU-mediated PLC␥ activation and podosome formation without effect on extracellular signal-regulated kinase 1/2 activation. Additionally, we provide evidence that GIT1 knockout VSMC have markedly fewer podosomes on PDBU treatment compared with wild-type VSMC. These data show that GIT1 is a key regulator of podosome formation in VSMC. Conclusion-In conclusion, our data suggest that GIT1-Y392 phosphorylation is critical for PDBU-induced podosome formation by regulating PLC␥ activation. We propose that specific signaling modules are assembled in a GIT1 phosphotyrosine-dependent manner as exemplified by PLC␥ activation versus extracellular signal-regulated kinase 1/2 activation. (Arterioscler Thromb Vasc Biol. 2010;30:1976-1982 
P odosomes are highly dynamic, actin-rich adhesion structures that have been shown to have an important function in tissue invasion, matrix remodeling, and cell migration. 1, 2 Podosomes were initially identified in monocyte-like cells, such as macrophages, osteoclasts, and dendritic cells. 2 Recently, podosomes were characterized in A7r5 smooth muscle cells. [3] [4] [5] [6] Many molecules have been detected in podosomes, including cytoskeletal components and their regulators, such as tyrosine kinases, serine-threonine kinases, integrins, and RhoGTPases. 7 Most of these molecules are localized to either the core or ring structure of podosomes. Although podosome architecture seems to be conserved, cell type-dependent differences in composition and regulation exist. A developing concept regarding podosomes and migration is that the formation of podosomes adjacent to membrane protrusions may induce extracellular matrix degradation and functionally promote cell migration. 7 Phorbol esters such as phorbol 12,13-dibutyrate (PDBU) are potent activators of protein kinase C (PKC) and Src signaling and have been shown to increase podosome formation in A7r5 smooth muscle cells. [3] [4] [5] 8 G protein-coupled receptor kinase 2-interacting protein 1 (GIT1) was originally identified by its binding to GRK2 and effects on ␤-adrenergic receptor endocytosis. 9 GIT1 has 5 functional domains, including a zinc finger domain responsible for ARF-GAP activity, 3 ankyrin repeats, a Spa2 homology domain (SHD), a synaptic localization domain, and a conserved carboxyl-terminal region that interacts with paxillin binding site (PBS). 10 Through these domains, GIT1
interacts with diverse proteins, including ADP ribosylation factor 6 (ARF6), mitogen-activated protein kinase kinase (MEK), phospholipase C-␥ (PLC␥), p21-activated kinase (PAK)-interacting exchange factor (PIX), and paxillin. A major function of GIT1 is to regulate cytoskeletal dynamics during cell spreading and migration by interacting with specific binding partners and targeting them spatially. 11, 12 Most important, our previous studies demonstrated the important role of GIT1 tyrosine phosphorylation in signal transduction, especially in PLC␥, MEK1-extracellular signal-regulated kinase (ERK) 1/2, and focal adhesion kinase (FAK) activation. 11, 13 Specifically, we showed that GIT1 was a substrate for c-Src that was tyrosine phosphorylated in response to angiotensin II and epidermal growth factor (EGF). 11 Phosphorylated GIT1 is required for the activation and localization of ERK1/2 in focal adhesions and enhanced cell migration in response to EGF. 11 Moreover, GIT1 associates with PLC␥, and this interaction is required for PLC␥ activation. 13 PLC␥ has been reported to associate with GIT1-␤PIX complex, and tyrosine phosphorylation of the ␤PIX-GIT1 complex is essential for interaction with PLC␥, the subsequent activation of PLC␥, and progression to an elongated cell morphology. 14 These data suggest a role for tyrosine-phosphorylated GIT1 and PLC␥ in cell protrusion and cell motility.
We previously showed that genetic deletion of GIT1 in mice leads to 60% postnatal lethality because of impaired lung vasculature. 15 Mechanistic studies suggested deficiencies in vascular formation specifically in the lung are due to endothelial cell defects in migration and apoptosis. The GIT1 knockout (KO) mouse phenocopies the PLC␥ KO mouse, suggesting a key role for PLC␥ in GIT1 signaling. Recently, we showed that GIT1 and PLC␥ colocalized with podosomes and were essential for podosome formation in endothelial cells. 16 In this study, we propose that GIT1 tyrosine phosphorylation, specifically at Y392, plays an important role in podosome formation by regulating PLC␥ activation.
Materials and Methods
An expanded Methods section is available in the Supplemental Data, available online at http://atvb.ahajournals.org.
Immunofluorescence Staining and Podosome Quantification
A7r5 cells were treated with PDBU, fixed with 4% formaldehyde for 10 minutes, and permeabilized with 0.05% Triton for 5 minutes, followed by blocking with 10% normal goat serum for 1 hour. Podosome formation was induced in primary vascular smooth muscle cells (VSMC) as described. 17 Briefly, GIT1 wild-type (WT) and KO VSMC (passages 2 to 5) were serum starved in 1% FBS overnight, stimulated with PDBU for 4 hours, permeabilized with 0.1% Triton and blocked with 5% BSA for 1 hour. Cells were then incubated with 2.5 g/mL tetramethylrhodamine B isothiocyanatelabeled phalloidin to stain for F-actin. In A7r5 cells, cells were incubated with GIT1 antibody (Invitrogen, 1:100) overnight followed by Alexa Fluor 488 anti-rabbit IgG (Molecular Probes, 1:1000). The numbers of cells containing podosomes were counted and analyzed by fluorescence microscopy. The podosomes in primary VSMC and A7r5 cells appear as multiple dot-like structures. 2, 5 The cells containing 5 or more dot-like podosome were considered podosome-positive cells. One hundred cells per dish were examined, and 3 dishes were included for each experiment. At least 3 indepen-dent experiments were performed. The data are expressed as percentage of podosome-positive cells.
Results

GIT1 Colocalizes With Podosomes and Mediates PDBU-Induced Podosome Formation
PDBU stimulates podosome formation and increases cell motility by activating Src in A7r5 cells. 7, 18, 19 Our laboratory previously demonstrated that GIT1, a Src substrate, mediated podosome formation in vascular endothelial cells. 16 Therefore, we hypothesized that GIT1 colocalized with podosomes and mediated PDBU-induced podosome formation in A7r5 cells. To visualize podosomes, A7r5 cells were stimulated with 1 mol/L PDBU for 60 minutes and double stained with F-actin (phalloidin) and GIT1 ( Figure 1A ) or cortactin (Supplemental Figure I ). In A7r5 cells, podosomes exist as dot-like structures. 2, 5 As shown in Figure 1A , under control conditions, there were almost no podosomes in A7r5 cells as assayed by F-actin staining, and GIT1 was localized diffusely in the nucleus and cytosol. In response to PDBU, GIT1 translocated ( Figure 1Ae ) and colocalized with podosomes ( Figure 1Af ). To provide further evidence that the PDBU induced structures were podosomes, A7r5 cells were double stained with F-actin and cortactin. As shown in Supplemental Figure I , under control conditions, cortactin did not show any podosome-like structures (Supplemental Figure Ia to Ic). In response to PDBU, podosome like structures appeared that colocalized with both cortactin and F-actin in A7r5 cells (Supplemental Figure Id to If). These results indicate that GIT1 localized in podosomes after PDBU stimulation in A7r5 cells.
To evaluate the specific role of GIT1 in PDBU-induced podosome formation, we depleted GIT1 with GIT1 specific short interfering RNA (siRNA) in A7r5 cells. After transfection with GIT1 siRNA for 48 hours, GIT1 expression was reduced by 70%, whereas control siRNA had no effect ( Figure 1B ). To induce podosomes, A7r5 cells were treated with PDBU for 60 minutes. As shown in Figure 1C , the number of podosome-positive cells was significantly increased by PDBU from 2Ϯ1% to 45Ϯ6% in the control siRNA group. In contrast, podosome-positive cells were significantly reduced to 21Ϯ6% in the GIT1 siRNA treatment group. Furthermore, to confirm that genetic deletion of GIT1 affects podosome formation, we treated VSMC isolated from GIT1 WT and KO mice with PDBU to induce podosomes ( Figure 1D ). We observed that 8Ϯ2% of GIT1 WT VSMC formed punctate F-actin-rich podosomes. In contrast, only 1% of cells from GIT1 KO VSMC formed podosomes. These results show that GIT1 is an important mediator for PDBUinduced podosome formation.
PDBU-Induced GIT1 Tyrosine Phosphorylation Is PKC and Src Dependent
We previously showed that c-Src activation of MEK1 was dependent on GIT1 tyrosine phosphorylation. 11 Therefore, we determined whether PDBU-induced podosome formation required GIT1 tyrosine phosphorylation by c-Src. We transfected A7r5 cells with Flag-GIT1 and then stimulated the cells with 1 mol/L PDBU for various times. As shown in Figure 2A , PDBU increased tyrosine phosphorylation of GIT1 at 5 minutes, and this level was maintained for 30 minutes. A similar result was observed in HEK293 cells, which have low endogenous GIT1 ( Figure 2B ). Pretreatment with PKC inhibitor Go6850 or Src inhibitor PP2 significantly decreased tyrosine phosphorylation of GIT1 ( Figure 2C ), suggesting that the phosphorylation of GIT1 induced by PDBU is dependent on both PKC and Src. To confirm the role of Src in PDBU-induced GIT1 tyrosine phosphorylation, we used SYFϩ/ϩ and SYFϪ/Ϫ fibroblast cell lines. As shown in Figure 2D , PDBU significantly stimulated tyrosine phosphorylation of GIT1 in SYFϩ/ϩ cells. In contrast, there was a dramatic decrease in SYFϪ/Ϫ cells in response to PDBU, demonstrating that GIT1 tyrosine phosphorylation is dependent on Src.
GIT1-Y392 Phosphorylation Is Involved in PDBU-Induced Podosome Formation
A recent study identified 8 possible tyrosine phosphorylation sites in GIT1, which are conserved among different species, suggesting the key functions of these phosphorylation sites. 20 Among these tyrosines, Y293 and Y392 were suggested to be potential Src phosphorylation sites. Of importance, we showed previously that GIT1 aa 250 to 420 (encompassing the SHD and part of the synaptic localization domain) was required for GIT1 interaction with PLC␥ and PLC␥ activation. 13 In addition, our previous data demonstrated that Y321, which is also in the SHD, was required for EGF and angiotensin II-stimulated Src-dependent ERK1/2 activation. 11 Therefore, these 3 tyrosines (Y293, Y321, and Y392) of GIT1 are likely Src phosphorylation sites and may play important roles in podosome formation.
To define the specific roles of Y293, Y392, and Y321, we mutated them individually to phenylalanine, transfected the mutants into HEK293 cells, and stimulated the cells with PDBU. As shown in Figure 3A and 3B, PDBU stimulated tyrosine phosphorylation of GIT1 (WT), GIT1 (Y293F), and GIT1 (Y321F). However, there was no significant increase in phosphorylation of GIT1 (Y392F) of GIT1 (Y393F). We next investigated whether mutation of GIT1-Y392 specifically impaired podosome formation. We overexpressed green fluorescent protein-GIT1 mutants in A7r5 cells and then stimu- A, Representative immunofluorescent images showing F-actin (phalloidin) and GIT1 localization in podosomes. A7r5 cells were starved for 6 hours and then treated with or without 1 mol/L PDBU for 60 minutes. Cells were fixed with 4% formaldehyde and double-stained for either F-actin with tetramethylrhodamine B isothiocyanate-phalloidin and GIT1. F-actin is shown in red and GIT1 is in green. Panels c and f are the merged images. Arrows show podosomes. Insets are enlarged images of podosome-enriched areas. B, Effects of GIT1 siRNA on GIT1 expression. A7r5 cells were transiently transfected with either 100 nmol/L control siRNA or GIT1 siRNA per dish. After 48 hours, cell lysates were immunoblotted with anti-GIT1 antibody. Equal loading was confirmed by ␤-actin. C, Effect of GIT1 siRNA on podosome formation. Podosomes were characterized and quantified as described in Methods. The data are expressed as the percentage of podosome-positive cells (nϭ100 cells per dish). All values are expressed as meanϮSD of 3 independent experiments performed in triplicate. A probability value Ͻ0.05 was considered to be significant (*). D, GIT1 WT and KO VSMC were cultured for 48 hours, serum starved overnight, and treated with vehicle (dimethyl sulfoxide) or PDBU for 4 hours. Cells were fixed and stained with tetramethylrhodamine B isothiocyanate-phalloidin to identify podosomes (arrows). Flag-GIT1 (WT) was transfected into A7r5 or HEK293 cells for 24 hours. The cells were starved for 6 hours before being treated with or without 1 mol/L PDBU for various times. C, Effect of PKC and Src inhibition on PDBU-induced GIT1 tyrosine phosphorylation. After transfection with Flag-GIT1 (WT), HEK293 cells were pretreated with 10 mol/L PP2 (Src inhibitor) or 5 mol/L Go6850 (PKC inhibitor) for 30 minutes and then treated with or without 1 mol/L PDBU for 10 minutes. D, Role of Src in PDBU-induced GIT1 tyrosine phosphorylation. SYFϩ/ϩ and SYFϪ/Ϫ fibroblasts were infected with Flag-GIT1 (WT) adenovirus for 24 hours and then starved for 6 hours followed by treatment with or without 1 mol/L PDBU for 10 minutes. Lysates were immunoprecipitated with GIT1 antibody and then immunoblotted with 4G10 antibody to detect pGIT1 (top). To confirm equal protein immunoprecipitation, the blot was reprobed with GIT1 antibody In contrast, GIT1 (Y392A)-expressing cells had no podosomes. Quantification of these results showed that only GIT1 (Y392A) significantly reduced PDBU-induced podosome positive cells (from 38Ϯ4% to 22Ϯ3%; Figure 3C and 3D). These data suggest that tyrosine phosphorylation of GIT1 at Y392 but not at Y293 or Y321 is important for podosome formation.
GIT1-Y392 Phosphorylation Mediates Podosome Formation by Regulating PLC␥ Activation
Our previous data showed that GIT1 interacted with PLC␥ via the SHD and part of the synaptic localization domain (aa 250 to 420). Both Src-dependent GIT1 phosphorylation and GIT1-PLC␥ interaction are required for PLC␥ activation. 13 To determine the role of GIT1 in PLC␥ activation, we transfected GIT1 and PLC␥ into HEK293 cells and then stimulated cells with PDBU. As shown in Figure 4A , PDBU significantly increased phosphorylation of PLC␥ at 5 minutes, and the level was maintained for 30 minutes. To provide further evidence for an essential role of PLC␥ in podosome formation in A7r5 cells, we pretreated cells with the PLC␥ inhibitor U73122. PDBU-stimulated podosome formation was significantly reduced from 39Ϯ1% to 24Ϯ2% ( Figure  4B and 4C) .
To further investigate the specific role for GIT1-Y392 phosphorylation in PLC␥ activation, we transfected HEK293 Figure 3 . Role of GIT1-Y293, -Y321, and -Y392 in PDBUinduced GIT1 tyrosine phosphorylation and podosome formation. A and B, Effects of GIT1 tyrosine mutants on PDBUinduced GIT1 tyrosine phosphorylation. HEK293 cells were transfected with Flag-GIT1 (WT), Flag-GIT1 (Y293F), and Flag-GIT1 (Y392F) (A) or Xpress-GIT1 (WT) or Xpress-GIT1 (Y321F) (B) for 24 hours. Cells were starved for 6 hours and then treated with or without 1 mol/L PDBU for 10 minutes. Cell lysates were immunoprecipitated with Flag antibody or Xpress antibody and then immunoblotted using 4G10 antibody to detect pGIT1 (top) and reprobed to detect GIT1 (bottom). The blots were analyzed by densitometry using LiCor software. Fold changes normalized to the first lane are shown below the blots (nϭ2 to 3). C and D, Effects of GIT1 tyrosine mutants on PDBU-induced podosome formation. A7r5 cells were transfected with different GIT1 mutants for 24 hours followed by treatment with or without 1 mol/L PDBU for 60 minutes. Cells were stained for GIT1 and podosomes. The percentage of podosome-positive cells was counted and analyzed only in cells expressing GIT1 mutant (with green fluorescence). Quantified data are presented as percentages of podosome-positive cells in GIT1 mutant-positive cells (nϭ100 cells per dish). All values are expressed as meanϮSD of 3 independent experiments performed in triplicate. A probability value Ͻ0.05 was considered to be statistically significant (*). IB indicates immunoblotting; IP, immunoprecipitation. Flag-GIT1 and PLC␥ were cotransfected into HEK293 cells for 24 hours. Cells were starved for 6 hours and treated with or without 1 mol/L PDBU for the indicated times. Cell lysates were immunoprecipitated with PLC␥ antibody and then immunoblotted with pPLC␥ (Y783) antibody and reprobed with PLC␥ antibody. The total cell lysates (TCL) were detected with Flag antibody to show the Flag-GIT1 expression. Equal loading was confirmed by immunoblotting for ␤-actin. The blots were analyzed by densitometry using LiCor software. Fold changes normalized to the first lane are shown below the blots (nϭ2 to 3). B and C, Effects of PLC␥ inhibitor (U73122) on podosome formation. A7r5 cells were pretreated with 5 mol/L U73122 for 30 minutes before treatment with or without 1 mol/L PDBU for 60 minutes. Cells were then stained for podosomes (B). Quantified data are presented as percentages of podosome-positive cells (nϭ100 cells per dish) (C). All values are expressed as meanϮSD of 3 independent experiments performed in triplicate. A probability value Ͻ0.05 was considered to be significant (*). IB indicates immunoblotting; IP, immunoprecipitation. cells with GIT1 mutants and stimulated the cells with PDBU. As shown in Figure 5A , PDBU significantly stimulated PLC␥ activation in cells expressing GIT1 (WT) and GIT1 (Y293F). However, there was no increase in PLC␥ phosphorylation in GIT1 (Y392F)-overexpressing cells. These data show that only GIT1-Y392 was critical for PLC␥ activation in response to PDBU. To investigate whether GIT1-Y392 phosphorylation was required for interaction between GIT1 and PLC␥, we transfected HEK293 cells with GIT1 mutants and PLC␥. As shown in Figure 5B , GIT1 (Y293F) and GIT1 (Y392F) had no effect on the interaction between GIT1 and PLC␥, suggesting that phosphorylation of GIT1 at Y392 regulates PLC␥ activation but not GIT1-PLC␥ interaction. GIT1-Y321F had no effect on either PLC␥ activation or on GIT1-PLC␥ interaction (Supplemental Figure III) . These data together indicate that PLC␥ activation is critical for PDBU-induced podosome formation and that GIT1-Y392 phosphorylation contributes to podosome formation via PLC␥ activation.
GIT1 Tyrosine Phosphorylation Is Not Required for PDBU-Stimulated ERK1/2 Activation
Our previous studies have demonstrated that GIT1 associates with MEK1 and ERK1/2 via the SHD and that Src-induced GIT1-Y321 phosphorylation is required for ERK1/2 activa-tion on EGF stimulation. 11 Therefore, we examined the role of these tyrosine phosphorylation sites in PDBU-induced ERK1/2 activation. The effect of GIT1 mutants on ERK1/2 activation induced by PDBU was studied in HEK293 cells. As shown in Figure 6A and 6B, PDBU significantly stimulated ERK1/2 phosphorylation. However, there was no significant difference in ERK1/2 activation between GIT1 (WT) and pcDNA3-expressing cells after treatment with PDBU, indicating that expression of WT GIT1 does not enhance PDBU-induced ERK1/2 activation. Consistent with this result, none of the 3 GIT1 mutants altered ERK1/2 activation induced by PDBU ( Figure 6A and 6B) . Together, these data suggest that GIT1 does not regulate PDBU-mediated ERK1/2 activation.
Discussion
The major finding of this study is that Src-mediated tyrosine phosphorylation of GIT1-Y392 may be critical for podosome formation by stimulating PLC␥ activation. Evidence to support this mechanism includes the following: (1) GIT1 colocalized with podosomes induced by PDBU ( Figure 1A) ; (2) Figure 5 . Role of GIT1 tyrosine phosphorylation in PLC␥ activation and GIT1-PLC␥ interaction. A, Effects of GIT1 tyrosine mutants on PLC␥ activation. HEK293 cells were cotransfected with PLC␥ together with pCDNA3 vector, Flag-GIT1 (WT), Flag-GIT1 (Y293F), or Flag-GIT1 (Y392F) (B) for 24 hours and then starved for 6 hours. Cells were treated with or without 1 umol/L PDBU for 10 minutes, and cell lysates were immunoprecipitated with PLC␥ antibody and immunoblotted with pPLC␥ antibody (top). To confirm equal protein immunoprecipitation, the blot was reprobed with PLC␥antibody (bottom). B, Effects of GIT1 tyrosine mutants on GIT1-PLC␥ interaction. HEK293 cells were cotransfected with PLC␥ together with different GIT1 mutations. After treatment with PDBU, cell lysates were immunoprecipitated with Flag antibody for GIT1 and then immunoblotted with PLC␥ antibody. The GIT1 blot (bottom) shows equal protein immunoprecipitation. All blots were analyzed by densitometry using LiCor software. Fold changes normalized to the first lane are shown below the blots (nϭ2 to 3). IB indicates immunoblotting; IP indicates immunoprecipitation. knockdown of GIT1 with siRNA inhibited PDBU-induced A7r5 smooth muscle cell podosome formation ( Figure 1C) ; (3) PDBU increased GIT1 tyrosine phosphorylation, which was PKC and Src dependent ( Figure 2 ); (4) GIT1-Y392 was critical in PDBU-induced podosome formation and PLC␥ activation (Figures 3 to 5); and (5) PLC␥ was an important mediator for podosome formation induced by PDBU ( Figure  4 ). GIT1-Y392 appears to be the major tyrosine phosphorylation site in response to PDBU stimulation. This is because PDBU-stimulated GIT1 tyrosine phosphorylation was almost completely blocked in the cells overexpressing the GIT1-Y392F mutant (Figure 3 ). Because PDBU-induced GIT1 tyrosine phosphorylation was prevented by Src inhibitor PP2 ( Figure 2C) , the data suggest that GIT1-Y392 phosphorylation is mediated by Src. The role of GIT1-Y392 in podosome formation was further demonstrated by the findings that (1) PLC␥ function was essential for podosome formation and (2) PDBU-induced PLC␥ phosphorylation (activation) and podosome formation were significantly reduced by overexpressing GIT1-Y392 mutants. The mechanism by which GIT1-Y392 mutants are able to inhibit PLC␥ activation and podosome formation is very likely related to the fact that GIT1-Y392 phosphorylation is critical for mediating PLC␥ activation/ podosome formation. GIT1-Y392 mutants cannot be phosphorylated and thus function as dominant-negative molecules that inhibit endogenous GIT1 function. However, it should be noted that GIT1-Y392 mutation changes the confirmation of GIT1, which is independent of Y392 phosphorylation. Nevertheless, our findings in this study demonstrate an important role of GIT1 in PLC␥ activation and podosome formation and suggest that GIT1-Y392 is a critical site.
We propose that phosphorylated GIT1 at Y392 specifically mediates the assembly of a signaling complex in podosomes. In addition to PLC␥, PIX may be a candidate protein in the complex. It has been shown that on a basement membranetype matrix, PLC␥ mediates cell spreading by activating Cdc42 and Rac1 via regulating assembly of a PLC␥-GIT1-PIX complex. 14 Because podosome formation is known to be dependent on GIT1, PLC␥, and small GTPases, PLC␥ could be an important component in the PLC␥-GIT1-PIX complex and activation of small GTPases. Another likely candidate is calmodulin kinase kinase (CaMKK). For example, it has been shown that spinogenesis is dependent on the CaMKKcalcium/calmodulin-dependent protein kinase I (CaMKI)-PIX-Rac1 signaling pathway in a Ca 2ϩ -dependent manner. 21 In hippocampal neurons, activation of CaMKI phosphorylated PIX at Ser576 and enhanced its GEF activity, resulting in the activation of Rac1, and promoting spines and synapse formation. 21 Our laboratory also recently demonstrated that GIT1 mediated angiotensin II-induced PLC␥-Ca 2ϩ -calcium/ calmodulin-dependent protein kinase II (CamKII)-HDAC5 activation by recruiting these proteins in a complex. 22 Thus, it is possible that the GIT1-PLC␥ complex activates CaMKK and recruits CaMKI to podosomes, where CaMKI phosphorylates and activates PIX, consequently enhancing Rac1 activity and podosome formation. Finally, it was also shown that constitutively active PAK can rescue neuronal spine formation in the presence of CaMKI inhibition or dominant negative PIX (DN-PIX), suggesting that PAK is another candidate mediator in GIT1-PLC␥-CaMKK signaling. 22 More importantly, constitutively active PAK is able to induce podosome formation. 20, 23 Therefore, these observations collectively suggest that GIT1 may mediate podosome formation via PLC␥-CaMKK-PIX-Rac1-PAK signaling pathway.
Previously, we showed that GIT1-Y321 is important for EGF-induced ERK1/2 phosphorylation 11 and localization in focal adhesions. 12 In this study, we found that GIT1-Y321 does not contribute to PDBU-induced ERK1/2 activation ( Figure 6 ) or to PDBU-induced podosome formation in A7r5 cells (Supplemental Figure II) . However, we found that GIT1-Y392 plays an important role in PDBU-induced PLC␥ activation and podosome formation in A7r5 cells (Figures 3  to 5 ). These results support an important concept that Srcmediated GIT1 phosphorylation at Y392 versus Y321 acts as a switch for activation of PLC␥ versus ERK1/2 in smooth muscle cells, which may be mediated by the assembly of distinct phosphotyrosine-specific signaling modules. For example, proteins interacting with GIT1-phospho-Y321 are required for MEK1-ERK1/2 activation in focal adhesions, and proteins associating with GIT1-phospho-Y392 are involved in PLC␥ activation and regulation of podosome formation. The important role of GIT1-Y392 is further supported by a recent finding that phosphorylation of GIT1-Y392 was required for interaction between Grb4 and GIT1 in response to ephrin B in rat hippocampal neurons. 24 Mutation of GIT1-Y392 or disruption of Grb4-GIT1 interaction impaired localization of GIT1 at synapses, impairing spine morphogenesis and synapse formation. 24 These data suggest that tyrosine phosphorylation of GIT1, especially Y392, plays a critical role in regulation of neuronal function. The fact that there are multiple functionally different tyrosine phosphorylation sites in GIT1 is consistent with the evolving concept that GIT1 is a multidomain scaffold protein that plays an essential role in multiple cellular processes. 25 Our recent publication characterizing the phenotype of the GIT1 global KO mouse reveals a critical role for GIT1 in pulmonary vascular development, likely via effects on endothelial cell function. 15 The GIT1 KO also shows important alterations in bone and brain function. 26 Recently, Quintavalle et al provided evidence for podosome formation in vivo and suggested a critical role for these actin-rich structures in many physiological and pathophysiological processes. 17 Podosomes are likely to be important for VSMC functions, such as migration that occurs from the media to form an intima in pathological conditions, such as restenosis, atherosclerosis, and carotid intima-media thickening. 27 To place the biochemical findings of the present study in the context of tissuespecific alterations in the GIT1 KO mouse, we propose a model that incorporates GIT1 protein-protein interactions, GIT1 subcellular localization, and cell-specific GIT1 functions as shown in Supplemental Figure IV .
Although our data suggest an important role for Src-GIT1 in PDBU-induced podosome assembly, there are likely other signaling pathways involved in podosome formation. Examples include the MEK1/ERK1/2/caldesmon signaling cascade, which has been shown to regulate PDBU-induced podosome dynamics. 4 PDBU is able to activate PKC directly, which may in turn activate MEK1/ERK1/2 signaling path-ways via Ras/Raf and promote increased podosome formation in a Src-independent manner. 4 In addition, it has been reported that ERK5 promoted Src-induced podosome formation by increasing the MEF2-dependent expression of RhoGAP and RhoGAP7/DLC-1 in NIH 3T3 cells. 28 These data suggest that other proteins may also contribute to podosome formation by acting as Src downstream targets, which are independent of GIT1. These GIT1-independent mechanisms may provide an explanation of why inhibiting Src-GIT1-PLC␥ signaling is unable to completely block PDBU-induced podosome formation.
